Colicin E1 belongs to a group of bacteriocins whose cytotoxicity toward Escherichia coli is exerted through formation of ion channels that depolarize the cytoplasmic membrane. The lipid dependence of colicin single-channel conductance demonstrated intimate involvement of lipid in the structure of this channel. The colicin formed "small" conductance 60-picosiemens (pS) channels, with properties similar to those previously characterized, in 1,2-dieicosenoyl-snglycero-3-phosphocholine (C20) or thinner membranes, whereas it formed a novel "large" conductance 600-pS state in thicker 1,2-dierucoyl-sn-glycero-3-phosphocholine (C22) bilayers. Both channel states were anion-selective and voltage-gated and displayed a requirement for acidic pH. Lipids having negative spontaneous curvature inhibited the formation of both channels but increased the ratio of open 600 pS to 60 pS conductance states. Different diameters of small and large channels, 12 and 16 Å , were determined from the dependence of single-channel conductance on the size of nonelectrolyte solute probes. Colicin-induced lipid "flip-flop" and the decrease in anion selectivity of the channel in the presence of negatively charged lipids implied a significant contribution of lipid to the structure of the channel, most readily described as toroidal organization of lipid and protein to form the channel pore.
The lipid environment of membrane proteins that defines the local distribution of polarity, dielectric constant, and steric geometry has a central role in the determination of protein structure and function. For ion channels, lipids impose the following constraints: (i) structure-function is sensitive to the matching of hydrophobic thickness of the protein and lipid bilayer (1-10); (ii) opening of channels (e.g. mechano-sensitive, can be dependent on bilayer tension) (11) , which manifests itself in a dependence on acyl chain length (12) ; (iii) spontaneous curvature (SC) 2 of lipids linked to the lateral pressure of the bilayer can modulate ion channel activity (13) , as demonstrated for the KcsA channel (14) and mechano-sensitive MscL channels (12, 15) ; and (iv) many channel proteins require anionic lipids for function (16 -19) .
Channel-forming proteins can require specific lipids, presumably because of a combination of charge and curvature parameters, to form active channels (e.g. anionic lipid bound between the transmembrane ␣-helices and necessary for gating of the KcsA channel (20, 21) ). The lantibiotic nisin provides a well defined example of lipid participation in peptide pore formation, in which the peptidoglycan precursor lipid II is an intrinsic component of the pore formed by this antimicrobial peptide (22) . The proposed structure of this pore contains 5-8 nisin molecules and an identical number of lipid II molecules (23) . Participation of lipid in the formation of a channel wall was hypothesized for cholesteroldependent cytolysins (24, 25) .
Colicins are plasmid-encoded bacteriocins that are cytotoxic to Escherichia coli and related strains. Their modes of lethal action include enzymatic endoribonucleolytic and endodeoxyribonucleolytic cleavage of ribosomal RNA and DNA (26, 27) and voltage-gated ion channel or "pore" formation by colicins, including A, B, E1, Ia, Ib, and N, which depolarize the cytoplasmic membrane and de-energize the cell (26, 28 -31) . Colicin E1, which is the subject of the present study, unfolds on the lipid membrane surface to form a surface-bound two-dimensional flexible helical array that is a precursor state to the inserted channel (32, 33) . The channel domain subsequently inserts into the membrane and forms ion-conducting pores that are voltage-dependent (29, 30, 34) . These pore-forming colicins are remarkable for the fact that the formation of ion channels, as studied for colicin Ia, leads to voltage-gated translocation across the planar bilayer membrane of a large part of the colicin polypeptide (35, 36) . The actual transmembrane structure of the colicin pores and the details of the translocation mechanism are not known at present. It has been inferred that the colicin Ia channel consists of three and four transmembrane (TM) helices, respectively, for the C-terminal pore-forming domain of colicin Ia and the intact colicin (37) . A concern about this model is the structural sufficiency of three transmembrane helices for a stable and functional channel. An additional concern about all channel models of the pore-forming colicins is that the predicted length, 15-17 residues, of the two putative TM helices that form the hydrophobic hairpin anchor, two of the 3-4 helices in the channel structure, is appreciably shorter than the length of the average TM helix (ϳ20 residues) of integral membrane proteins (38, 39) .
A structural role of lipids in peptide-induced pore formation was implied by the sensitivity of the membrane-permeabilizing activity of the peptides to the lipid SC (40 -42) . Based on the SC dependence of colicin E1 macroscopic channel activity in bilayer lipid membranes, it has been proposed (43, 44) that the toroidal pore model, inferred for some ␣-helical antibacterial peptides (40, (45) (46) (47) (48) , may be applicable to the channel structure of the pore-forming colicins. This model assumes that the pore walls are formed not only by peptide ␣-helices but also by head-groups of the bilayer-forming phospholipids. Recently, the correlation between the pore forming potency of peptides and the SC of the lipid as a support for the toroidal model was questioned, based on similar correlations exhibited by melittin and alamethicin (49) . Therefore, it was of importance to obtain additional lines of evidence for the toroidal pore formation in the case of colicin E1.
In the present work, the effect of lipid chain length and SC on single channels formed by colicin E1 was studied. A novel "large" channel state of the colicin E1 channel was described, whose conductance is greater by an order of magnitude than that of the "small" channel, many of whose properties have previously been reported in the literature (34, 50 -54) . Membrane thickness was found to be a major determinant of the ratio of the two ("low" and "high" conductance) states, since the open probability of the high conductance state increased with membrane thickness. A strong peptide-lipid interaction was also inferred from the observations of colicin E1-induced lipid flip-flop and the dramatic sensitivity of the channel conductance to lipid surface charge in 1 M KCl.
EXPERIMENTAL PROCEDURES
Colicin E1-The 522-residue colicin E1 was prepared as previously described (55) . The 178-residue C-terminal colicin E1 channel polypeptide, P178, was prepared by thermolysin proteolysis of intact colicin E1 (56) .
Liposomes-Liposomes were prepared by evaporation under a stream of nitrogen of a 2% solution of a DPhPC/DPhPG mixture (70%/ 30%) in chloroform (Merck, Darmstadt, Germany) followed by hydration with a buffer solution containing 10 mM ␤-alanine, 0.12 M KCl, pH 4.0. The mixture was vortexed, passed through a cycle of freezing and thawing, and extruded through 0.1-m pore size Nucleopore polycarbonate membranes using an Avanti Mini-Extruder. The measurement of lipid flip-flop was performed as described by Müller et al. (57) . To label vesicles with synthetic lipid probe 1-lauroyl-2-(1Јpyrenebutyroyl)-sn-glycero-3-phosphocholine (pyPC) exclusively on the outer leaflet, 15 M pyPC dissolved in ethanol was added to the buffer solution containing liposomes (final lipid concentration 300 M). Incorporation of pyPC into the outer membrane leaflet was followed by measuring the ratio of fluorescence intensities of monomers (I M ) and excimers (I E ) at 395 and 495 nm, respectively. The fluorescence was excited at 344 nm.
Planar Bilayer Lipid Membranes (BLMs)-BLMs were formed from a 2% solution of lipid in squalene, hexadecane, or decane by the brush technique on a 0.5-mm diameter hole in a Teflon partition separating two compartments of a cell containing aqueous solutions of 1 M KCl, 10 mM CH 3 COOK, pH 4.0 (unless otherwise stated). All lipids used in the present work (1,2-dinervonoyl-sn-glycero-3-phosphocholine (DNvPC (C24:1)), 1,2-dierucoyl-sn-glycero-3-phosphocholine (DErPC (C22:1)), 1,2-dieicosenoyl-sn-glycero-3-phosphocholine (DEcPC (C20:1)), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC (C18:1 cis)), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE (C18)), 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC (C16)), and 1,2-diphytanoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) (DPhPG (C16))) were obtained from Avanti Polar Lipids (Alabaster, AL). The electrical current (I) was measured with a patch clamp amplifier (model BC-525C; Warner Instruments, Hamden, CT), digitized by a LabPC 1200 (National Instruments, Austin, TX), and analyzed by a personal computer with the help of Clampex (Axon) and WinWCP Strathclyde electrophysiology software designed by J. Dempster (University of Strathclyde). The current was low pass-filtered with a cut-off frequency of 100 Hz. In most experiments, a voltage of 80 mV (trans-negative) was applied to BLM to open the channels with Ag-AgCl electrodes placed directly into the cell. C-terminal colicin peptide (P178) or intact colicin E1 was added to, and defined, the cis side of the membrane. Agar-agar bridges connecting the electrodes and the membrane bathing solutions were used in selectivity measurements.
RESULTS

Two States of the Colicin E1 Channel with a Very Different Conductance
Two conductance states of very different sizes are present in the recording of colicin E1 channel-forming domain (P178) in a DPhPC/ decane membrane (Fig. 1A) . Histograms of the channel current (Fig. 1B) and lifetime (Fig. 1C) show the high conductance state to be characterized by a single-channel conductance of 590 Ϯ 10 pS (mean Ϯ S.E., n ϭ 13) and a lifetime of 120 Ϯ 30 ms (single exponential fit, S.D.), whereas small channels have a conductance of 65 Ϯ 2 pS (n ϭ 13) and a lifetime of 4 Ϯ 1 s (n ϭ 18). The latter value was calculated as an average from a series of the recordings, because of the distortion of a histogram by simultaneous opening of several small channels. It is important to note that the high conductance state never appeared unless at least one small channel was already open (i.e. opening of the large (600-pS) channel required the formation and prior existence of the low conductance state). This implies that high conductance 600-pS channels are formed from 60-pS "precursor" channel. Both conductance states displayed the same voltage dependence; they were opened by a cis-positive voltage and closed when the sign of the voltage was reversed (Fig. 1D) , which is characteristic for colicin-induced macroscopic current (51) .
Conductance states of the two types, normal and high, with a singlechannel conductance and lifetime similar to those of the 178-residue C-terminal channel-forming domain, P178, were also observed for intact colicin E1 (data not shown). It was shown previously that P178 or C-terminal peptides of similar size retain the channel-forming ability of the intact protein to form the "small" channels (50, 51, 58, 59 ).
Effect of Membrane Thickness on Colicin E1 Single Channels
Effect of Lipid Solvent-It is known that DPhPC/squalene membranes are solvent-free and substantially thinner than DPhPC/decane membranes (60, 61) . As seen in Fig. 2A , a typical single-channel recording of P178 in a DPhPC/squalene membrane contains only low amplitude transitions corresponding to the 60-pS conductance state. This contrasts with the presence of 600-pS channels in DPhPC/decane membrane (Fig. 2B ). Both recordings contained up to three active channels. Apparently, the activity of the 600-pS channel state observed in Fig.  2B was increased significantly compared with that reported in Fig.  1A . This can be attributed to the presence of three 60-pS channels in this recording, whereas only one channel was active in the data of Fig. 1A . Quantitative analysis of the open probability of the 600-pS conductance state (P o ) under these conditions showed that P o was proportional to an average number of active 60-pS channels, m, estimated according to the equation
where M i is the number of events with current I i (Fig. 1B) , and ⌳ is the current amplitude of the 60-pS channel. This linear dependence (P o on m) confirms the conclusion that the opening of the 60-pS channel is a precondition for the opening of a high conductance state.
Effect of Lipid Chain Length-The appearance of a high conductance state in decane-containing membranes can be associated either with the presence of solvent or with an increase in bilayer thickness. To discriminate between these possibilities, single-channel measurements were performed with solvent-free membranes formed of lipids with fatty acyl tails of different lengths. As seen from the recordings depicted in Fig. 2 (C and D), both low and high conductance states of P178 appeared in DErPC (C22)/squalene membranes ( Fig. 2D ), whereas in DEcPC (C20)/ squalene membranes (Fig. 2C ) only the low conductance state was observed. These data support the idea that the formation of the high conductance state of colicin channels requires a sufficiently thick membrane. The thickness of a bilayer increases by 3-3.5 Å for each 2-carbon increase in the length of the hydrocarbon chains (62) . The presence of a double bond with the cis orientation results in thinning of the bilayer by 2.5 Å. Table 1 summarizes the average conductance of the large and small colicin conductance states observed for different membrane lipid compositions. The channel activity of P178 was not observed in very thick DNvPC (C24)/squalene membranes (data not shown), which would confer a large hydrophobic mismatch.
The presence of decane solvent down-shifted the acyl chain length boundary, from 20/22 to 18/20, between the small and large channels of P178. From the single-channel recordings of P178 in DOPC (C18)/decane (Fig. 2E) and DEcPC (C20)/decane (Fig. 2F ) membranes and the corresponding data presented in Table 2 , it is seen that the increase in membrane thickness led to an increase in both the open state probability of the high conductance state, from 0.25 Ϯ 0.1 to 46 Ϯ 4% and the single-channel lifetime from 100 Ϯ 60 ms (n ϭ 16) for C18 to 300 Ϯ 200 ms (n ϭ 12) for C20. No channel activity of the P178 channel domain was observed in DErPC (C22)/decane membranes ( Table 2) .
Although membranes formed from lipid dissolved in hexadecane contain solvent, the thickness of such solvent-containing membranes is intermediate between that of membranes formed from lipid solutions in squalene or decane (63, 64) . Consistent with this finding, P178 showed the 600-pS high conductance state in DEcPC (C20)/hexadecane and DPhPC/hexadecane membranes. However, the open probability of this conductance state was smaller than in the corresponding decane membranes (Table 2 ). It should be noted that values of the open probability of the high conductance state presented in Table 2 were normalized to the mean number of open 60-pS channels, since it was established that the populations of the two kinds of conductance states are proportional to each other (data not shown). In summary, it was concluded that the occurrence of high conductance 600-pS channels of P178 is facilitated by increased membrane thickness.
Role of Spontaneous Curvature
Colicin E1-induced macroscopic current across BLM is sensitive to SC of the lipids comprising the membrane (43) . Thus, it was important to determine how the SC regulates the colicin E1-induced currents on the single-channel level. Because preparation of planar membranes from lipids with a defined positive curvature is not experimentally feasible, comparisons of the effect of membranes of lipids with different curvature necessarily involve membranes with lipids of neutral or different degrees of negative curvature. By measuring the time course of the appearance of single channels after the addition of P178 to the bathing solution, we compared the kinetics of colicin insertion into membranes formed from lipids with different degrees of negative curvature (i.e. with relatively low (DOPC (C18)/decane) and high (DOPE (C18)/ decane) negative SC (65)). The insertion proceeded much faster in the membrane with lipids having the smaller negative SC (data not shown). Because the binding of P178 to membranes is independent of SC (43), this result is ascribed to the increased channel-forming tendency of P178 in DOPC (C18)/decane membranes that have a more positive curvature compared with DOPE (C18)/decane membranes. Thus, negative SC inhibits the single-channel activity of colicin E1, in agreement with the previously observed effect of SC on the colicin-induced macroscopic current (43) .
The open probability of 600-pS channels normalized to the mean number of open small channels is higher in DOPE than in DOPC (C18)/ decane membranes (Table 2) . Therefore, the increase in lipid-negative SC stimulates the opening of the 600-pS conductance state compared with that of 60 pS. The same conclusion can be made from the comparison of the recordings of P178 in DPhPC/decane membranes (high negative SC) (Fig. 2B) and DOPC/decane (low negative SC) (Fig. 2E) (66, 67) . It should be noted that phosphatidylcholines (C16:0 and C18:1 cis) form membranes of similar thickness because of acyl chain bending caused by the presence of the double bond (62) .
In contrast to the effect of the membrane thickness, the single-channel conductance and the lifetime (data not shown) of P178 channels are relatively insensitive to the SC. In line with these data, it was shown previously (43) that lysophosphatidylcholine and oleic acid, agents inducing positive and negative SC, respectively, do not produce a marked effect on the single-channel conductance and the lifetime of P178 channels.
Effect of Anionic Lipid on Small and Large Single Channels of P178
It is known that the macroscopic current across BLM induced by colicin E1 exhibits a bell-shaped dependence on the molar fraction of negatively charged lipids in the membrane and on surface potential (68) . A study of the P178 single-channel parameters was carried out by varying the fraction of DPhPG in the membrane in the presence of a high ionic strength medium (1 M KCl) (Fig. 3, A and B) . Whereas the conductance of the 60-pS state decreased 10-fold at 100% DPhPG compared with 100% DPhPC (Fig. 3A) , the conductance of the 600-pS conductance state decreased only 2-fold under these conditions (Fig. 3B) , The single-channel lifetime of the 600-pS state was 5-fold shorter when measured in 100% DPhPG than 100% DPhPC, and its open probability also decreased markedly.
Ion Selectivity of Colicin E1 Single Channels
The colicin E1-induced current across neutral planar bilayer membranes is known to exhibit anionic selectivity under acidic conditions (52, 69, 70) . To characterize the properties of single P178 channels, their selectivity was measured through the zero current potential (⌬V) in the presence of a 10-fold gradient of KCl (1 M KCl and 0.1 M KCl on the cis and trans sides). Under these conditions, the permeability ratio for chloride and potassium ions, P Cl /P K , can be calculated from the value of ⌬V using the Goldman-Hodgkin-Katz equation. Fig. 4 presents the voltage dependence of single-channel conductance of both P178 states in DPhPC/hexadecane membranes in the presence of a 10-fold gradient of KCl. The crossing of the x axis by the linear fit to the data gives the value of ⌬V. For the high conductance state, ⌬V was equal to 37.1 Ϯ 1.3 mV, and for the 60-pS channels, it was 25.6 Ϯ 4.2 mV, which corresponds to permeability ratios, P Cl /P K , of 7.2 Ϯ 0.6 and 3.6 Ϯ 0.8, respectively. Thus, the ion selectivities of 600-and 60-pS channel states are similar and also close to the literature data on the selectivity of the macroscopic current induced by colicin E1 across membranes formed from neutral lipids (52, 70) . Small differences between the values of zero-current potentials could arise from the difference in the experimental conditions. For example, Raymond et al. (52) and Bullock (70) used buffer solutions containing several mM CaCl 2 .
Based on the nearly 10-fold difference between the values of the single-channel conductance of high and normal conductance states, one can expect a marked difference in their selectivity. An increase in channel size is often accompanied by a reduction in ion selectivity. It was shown that an increase in membrane thickness alters the swelling-dependent chloride channel selectivity from potassium to chloride ions (9) . In the present case, both low and high P178 conductance states exhibit a similar small degree of chloride selectivity (Fig. 4) . As shown by Bullock (70) , the ion selectivity of colicin E1 channels is sensitive to the pH of the bathing solution and the lipid content of the membrane. It was important to compare the ion selectivity in neutral membranes, described above, and in anionic membranes. Measurements of single-channel activity in DPhPG/hexadecane membranes in the presence of a 10-fold gradient of KCl were difficult due to the low conductance of small channels and the short lifetime of large channels under these conditions. However, it was possible to estimate the ion selectivity on the level of multichannel currents. ⌬V for the macroscopic current induced by P178 across DPhPG/hexadecane membranes was equal to Ϫ25 Ϯ 1 mV, which corresponds to a permeability ratio, P Cl /P K , of 0.29 Ϯ 0.02 (i.e. P178 channels showed cationic selectivity under these conditions). This is in qualitative agreement with the data of Raymond et al. (52) , who observed that anionic lipids reduced the anionic preference of colicin E1 channels.
Estimation of the Size of 60-and 600-pS Channels
The diameter of an ion channel can be estimated from the dependence of the single-channel conductance on the size of nonelectrolytes present in the membrane bathing solutions (71) (72) (73) (74) . The effect of glycerol, PEG 300, and PEG 3350 on the conductance of small and large channels formed by P178 is shown (Figs. 5, A and B) . The addition of glycerol to the bathing solution led to a decrease in the single-channel conductance of both large and small channels, whereas in the presence of PEG 300, only the conductance of large channels was diminished. PEG 3350 did not occlude the conductance of either large or small channels. From these data, it can be concluded that the diameter of the 600-pS channel is larger than that of the 60-pS channel. For quantitative estimation of the channel diameters, we measured the dependence on the hydrodynamic radius of nonelectrolyte molecules (R) of the ratio of the single-channel conductances measured in the presence of nonelectrolytes to the control conductance measured without nonelectrolytes (⌳/⌳ 0 ) (Fig. 5C ). Curve 2, corresponding to the 600-pS channel, is shifted to the right with respect to curve 1, corresponding to the 60-pS channel, showing that the diameter of the higher conductance channel is larger. The maximal size of the channel is considered to be equal to the minimal size of nonelectrolytes that cannot enter the channel (75) and thus do not affect the single-channel conductance. Therefore, the maximum channel radius corresponds to the break in the slope of the dependence of ⌳/⌳ 0 versus R. From curves 1 and 2 of Fig. 5C we obtained 12 and 16 Å for the diameters of 60-and 600-pS channels, respectively. The estimated diameter of the 60-pS channel is close to the diameter of the alamethicin channel, 12.6 Å, in its lowest conductance state (76) .
Induction of Lipid "Flip-flop" by Colicin E1
The fluorescent phosphatidylcholine analog pyPC was employed to detect the occurrence of transbilayer lipid flip-flop. Membrane-incorporated pyPC displays two distinct peaks in the fluorescence spectrum, one originating from excited monomeric pyPC molecules and the other arising from excited dimeric (excimer) pyPC molecules (57) . The transbilayer movement of pyPC can be estimated from the time course of the decrease in the ratio of the excimer to monomer fluorescence intensity signals (I E /I M ). The addition of colicin E1 to DPhPC/DPhPG (70%/30%) liposomes containing pyPC localized exclusively in the external monolayer led to a decrease in the I E /I M ratio, reflecting the transfer of the fluorescent analog to the internal monolayer in a dose-dependent manner (Fig. 6, a-d) . From the calibration dependence of the I E /I M ratio on the degree of pyPC transbilayer distribution (q) for 5 mol % pyPC (57) , it can be calculated that the addition of 250 nM P178 led to a nearly equal distribution of pyPC between the two membrane leaflets (q close to 0.5). It is noteworthy that the transbilayer movement of pyPC was not detected if 3 M gramicidin was added to the liposomes (data not shown). As shown previously, P178 at a similar protein/lipid ratio induces pore formation, leading to carboxyfluorescein leakage under identical conditions (43) . Thus, these results imply that liposome permeabilization and lipid transbilayer relocation arising from insertion of P178 are mechanistically related phenomena.
DISCUSSION
Two Conductance States of the Colicin E1 Channel: A "Giant" Conductance State Appears in Thick Bilayer
Membranes-The present study demonstrated two stable open states of colicin E1 channel with single-channel conductances of 60 and 600 pS. The high conductance state was characteristic only for thicker membranes. Its open probability increased with increasing length of the fatty acyl chains. The activity of small colicin channels exhibited the opposite tendency. These data, together with the observation that large channels are dependent upon the prior appearance of small channels, imply that the colicin channel structure is dependent upon lipid thickness.
The observation of different conductance states of colicin channels might imply an oligomeric nature of the channel. However, there is a large body of evidence in the literature proving that colicin channels are formed by protein monomers (77) (78) (79) (80) . Based on the fact that the 600-pS channel opened when at least one 60-pS channel was open and also on the rapid kinetics of these transitions (opening and closing times were Ͻ10 ms, beyond the time resolution of the present instrumentation), it was inferred that the two kinds of channels do not reflect protein oligomerization but rather correspond to different structure states of a single colicin molecule. This conclusion is also supported by the difference in the diameters of small and large channels as determined by the PEG-induced reduction of the single-channel conductances (Fig. 5) as well as by the different selectivities of the two kinds of channels (Fig. 4) .
The variation in the published values of colicin E1 single-channel conductance is centered around channels of small size (7-60 pS) (34, 50 -54) and can be associated with the differences in anionic lipid content on which the small channel conductance is strongly dependent (Fig. 3A) . Alternatively, this range of channel sizes for the C-terminal domain of colicin Ia has been attributed to channels made of three or four transmembrane helices (37) . However, the absence of large channels in the studies cited can hardly be ascribed to an effect of anionic lipid, since the magnitude of single-channel conductance of large channels is only moderately sensitive to their presence (Fig. 3B) .
A hypothesis that involves additional ␣-helices in the formation of the 600-pS conductance state (Fig. 7B ) from the 60-pS state (Fig. 7A ) would be consistent with the observed increase in the anionic selectivity of this high conductance state (Fig. 4) . It is implied that the protein rearrangement would cause an increase in the pore wall of the number of positively charged amino acids, which are located on all ␣-helices of colicin E1 pore domain except for the hydrophobic helices VIII and IX. It should be pointed out that the selectivity measurements were performed with neutral lipids. Therefore, the involvement of negatively charged lipids in both the pore formation and the modulation of the near membrane concentrations of the chloride anions resulting from changes in the surface potential of lipid bilayer does not affect the conclusion that the 600-pS state has increased anionic selectivity.
Effect of Spontaneous Curvature-The inhibitory effect of lipids having negative SC on the activity of single channels of P178 confirms previous data on the influence of SC on the colicin-induced macroscopic current (43) . It is of importance that the macroscopic measurements were made with thin, solvent-free membranes, where the activity of 600-pS channels is negligible, and 60-pS channels make the major contribution to the macroscopic current. Thus, it can be concluded that high negative SC inhibits the activity of the 60-pS state of colicin E1. The 600-pS state observed in thick membranes exhibited the opposite dependence on SC (Table 2) . Its open probability with respect to the 60-pS state increased in membranes with higher negative SC.
The Dependence of the Single-channel Conductance on the Surface Charge of the Membrane-It might be suggested that the decrease in the single-channel conductance of the 60-pS channel with increasing DPhPG content could be accounted for by a decrease in chloride ion concentration at the membrane surface arising from the negative surface potential generated by anionic lipid. Actually the single-channel conductance of gramicidin A in 1 M CsCl is higher by 30% in the anionic phophatidylserine membrane as compared with that in neutral phosphatidylcholine membrane (81, 82) . However, Aguilella and Bezrukov (83) have shown that the variation in the lipid surface charge does not change the conductance of alamethicin channels in 1 M NaCl. In addition, OmpF conductance is insensitive to the lipid surface charge in 1 M KCl (84) , whereas that of ␣-hemolysin exhibits only a slight dependence on the surface charge under the high salt conditions (85) . 3 These data were rationalized by theoretical considerations taking into account the small Debye length at high ionic strength and the size of the lipid-free space occupied by the channel (83) . Taking into account the estimated size of the 60-pS channel (see "Estimation of the Size of 60-and 600-pS Channels"), which is quite close to that of alamethicin (86) , the observed strong dependence of the colicin E1 conductance on the lipid charge in 1 M KCl initially seems surprising.
This strong dependence can be understood if one assumes direct involvement of lipids in the pore wall formation, as suggested by a toroidal pore model for the colicin channel (Fig. 7, A and B) . In fact, the appearance of one positive charge in the alamethicin peptide results in a substantial (about 20%) decrease in the conductance in 1 M KCl (87) . Likewise, the conductances of OmpF (88) and ␣-hemolysin (89) channels are sensitive to the mutations introducing electrical charges into the wall region of the channels even under high ionic strength conditions. Therefore, the 10-fold decrease in the conductance of the 60-pS state (Fig. 3A) and the 2-fold decrease in the conductance of the 600-pS state (Fig. 3B) at 100% DPhPG compared with those at 100% DPhPC apparently result from the appearance in the channel walls of many negative charges that belong to lipid head groups.
As shown under "Results," P178 channels that are anion-selective in the DPhPC membrane became cation-selective in the membrane formed from 100% DPhPG. This difference in the selectivity of colicin channels in neutral and anionic membranes is also consistent with a model of direct involvement of lipids in the pore wall (90) . In fact, the ion selectivity of alamethicin (87) and OmpF (87, 91) channels can be modulated by mutation of charged amino acid residues located in the pore walls, in agreement with the local electrostatics. The decrease in the conductance of both small and large channels upon increasing the anionic lipid content can be reconciled with the change in the ion selectivity if one assumes that channel permeability is reduced in anionic compared with neutral membranes due to alteration of channel geometry. Actually, intercalation of negatively charged DPhPG molecules between positively charged ␣-helices would decrease the electrostatic repulsion of the latter, thereby decreasing the pore diameter. This assumption is in agreement with calculations of Zemel et al. (92) showing that pore geometry can change considerably if charged species are involved in the pore formation.
Toroidal Pore Model and the Colicin E1 Channel-As discussed above, there is extensive documentation that the effect of lipid SC on pore formation can be a consequence of toroidal structure of the pore. Previously (43, 44) , we proposed the applicability of a toroidal model for the mechanism of the colicin E1 pore formation, which was recently supported by the data of Musse et al. (93) . Presently, this model is supported by four additional lines of evidence: (i) the ability of P178 to induce lipid flip-flop (Fig. 6); (ii) the essential dependence of the singlechannel conductance on the lipid surface charge under high salt conditions (Fig. 3) ; (iii) the effect of lipid surface charge on the ion selectivity of the channels; and (iv) the observation of the "large" channels. As was first pointed out by Slatin (82) , involvement of lipids in the pore formation of colicin E1 seems to be the way to overcome the problem of a monomeric channel having a rather large size. Thus, one of the consequences of the toroidal pore model for the mechanism of colicin channel formation is that it explains the surprising fact that a colicin channel having a diameter of at least 8 Å (52) could be formed by a smaller number of helices than would be required in the absence of lipid.
A common and newly proposed feature of the models in Fig. 7 , A and B, is that they are both toroidal in the sense that lipids participate in their wall structure. Lipids with positive SC favor formation of the small 60-pS pore. We assume that the opposite SC dependence of the 600-pS channel (Table 2) does not contradict the toroidal pore model, because the stimulating effect of these lipids on the 600-pS channel state, due to hydrophobic mismatch (94) , may overcome their unfavorable influence on the formation of toroidal lipidic pores. Moreover, there are examples of channels, believed to be of toroidal type, that demonstrate an increased activity caused by negative SC (e.g. see Ref. 95) . A variable dependence of the pore-forming ability on SC has been also obtained for apoptotic proteins Bax and Bid (42, 90, 96 -99) .
The mechanism by which the number and length of TM ␣-helices are increased upon the formation of the 600-pS conductance state (Fig. 7B ) from the 60-pS state (Fig. 7A) possibility of transfer into the membrane bilayer of helices that are part of the translocated segment.
In summary, a "large" conductance state of colicin E1 channel has been observed and extensively characterized for the first time. Whereas this conductance state is anion-selective and has a voltage dependence similar to that of the "small" channel, the two channel states show opposite dependences on the membrane thickness and curvature. These differences between "large" and "small" channel states can be due to differences in the number, lengths, and arrangement of the transmembrane ␣-helices that define the channel, reflecting two distinct conformations of the colicin channel. The results of the present study support a toroidal mechanism of colicin E1 pore formation. Remarkably, our data showed that at least in some cases, a toroidal (protein-lipid) pore can be stable enough to exhibit well defined channel states, the properties of which are very sensitive to the lipid composition of the membrane. This stability may imply a unique structure of the colicin E1 channel and possibly those of pore-forming colicins, among membrane-active proteins forming toroidal pores.
